Background and Aims Understanding the direct consequences of polyploidization is necessary for assessing the evolutionary significance of this mode of speciation. Previous studies have not studied the degree of betweenpopulation variation that occurs due to these effects. Although it is assumed that the effects of the substances that create synthetic polyploids disappear in second-generation synthetic polyploids, this has not been tested.
INTRODUCTION
Understanding the consequences of polyploidization is necessary because it is an important determinant of biodiversity (Ramsey and Ramsey, 2014) . Despite the abundant literature that exists on this topic (reviewed in Ramsey and Ramsey, 2014) , the validity of most existing knowledge is limited because it is difficult to distinguish the consequences of polyploidization and the effects of independent evolutionary history on polyploid lineages (but see Husband et al., 2008 Husband et al., , 2016 Maherali et al., 2009; Oswald and Nuismer, 2011) .
A useful approach to understand the consequences of polyploidization is using synthetic polyploids (Husband et al., 2008) . By including synthetic polyploids in ecological studies, we can distinguish traits that are due to polyploidization (i.e. traits that are the same in natural and synthetic polyploids but different in natural diploids) from traits originating from subsequent evolution of the polyploid lineage (i.e. traits that are the same in natural diploids and synthetic tetraploids but different in natural tetraploids). While synthetic polyploids have long been used for plant breeding (e.g. Semeniuk and Arisumi, 1968; Lignowski and Scott, 1972; Levin, 1983; Lumaret, 1988; Levin, 2002) , ecological studies using synthetic polyploids have just appeared in the last decade and in only a few model systems (e.g. Husband et al., 2008 Husband et al., , 2016 Tate et al., 2009; Maherali et al., 2009; Oswald and Nuismer, 2011; Cohen et al., 2013) .
Synthetic polyploids are induced by using colchicine, trifluralin or oryzalin, i.e. anti-mitotic substances that block the cell cycle in young plants (Semeniuk and Arisumi, 1968; Lignowski and Scott, 1972; Jaskani et al., 2005; Madon et al., 2005; Amiri et al., 2010) . Application of the anti-mitotic substances to plants has many direct consequences for plant phenotypes that cannot be regarded as a consequence of polyploidization (Ramsey and Schemske, 2002) . To solve this, Husband et al. (2008) suggested that the effects of the antimitotic substances may be eliminated by crossing two synthetic polyploids from the same population and following the performance of the offspring of these parents. The properties of these plants are assumed to be a consequence of polyploidization and not of an anti-mitotic substance (Husband et al., 2008) . While this assumption seems reasonable, it has rarely been tested. Therefore, it is possible that the patterns detected in the synthetic polyploids may be effects remaining from the application of anti-mitotic substances. To test this, Husband et al. (2016) included in their comparison the offspring of diploid plants that were treated by colchicine but that did not become polyploid. They demonstrated that these plants do not differ from natural diploids and concluded that the colchicine does not affect the second generation. As this is the only indication that an effect was absent, further testing of this assumption is needed. In addition, the plants that did not become polyploid may not experience the same colchicine effect as those that became polyploid, so the absence of an effect in those plants may not signify that these effects do not exist. A potential approach to explore this issue may be to compare the offspring of synthetic polyploids with the offspring of synthetic polyploids that have reverted to the diploid state. To date, the author is not aware of any study that has attempted to do this.
Previous studies comparing natural diploids and polyploids with synthetic polyploids usually used plants from only a single population or did not distinguish between them (Husband et al., 2008 (Husband et al., , 2016 Maherali et al., 2009; Griffin et al., 2012) . In an exceptional study, Oswald and Nuismer (2011) compared diploids and synthetic polyploids from two different populations and demonstrated that the differences were partly population specific. Their study, however, did not include any natural polyploids. Differences between synthetic polyploids of a different origin can be expected, as studies comparing natural diploids and polyploids demonstrate that the differences may be largely population specific (Eli a sov a and Münzbergov a, 2014). These differences may be driven by the different habitat conditions of the origin ( Cern a and Münzbergov a, 2013) or by different phylogenetic origins of the polyploids (e.g. Segraves and Thompson, 1999; Meimberg et al., 2009) . To support this, Matsushita et al. (2012) , Cohen et al. (2013) and Dar et al. (2013) demonstrated that different synthetic polyploids may indeed follow different evolutionary trajectories. Therefore, the effects of polyploidization should be studied in multiple populations to assess the generality of the observed patterns.
Polyploid seeds are often larger than diploid seeds (Maceira et al., 1993; Hoya et al., 2007; Cohen et al., 2013) . As this is probably a direct consequence of large cell size in polyploids (e.g. Van Dijk and Van Delden, 1990; Otto, 2007) , it can be expected that synthetic polyploids will also produce larger seeds (Hosseini et al., 2013) . Seed size has direct consequences for plant performance (e.g. Vera, 1997; Toft, 2007, 2008; Münzbergov a and Pla ckov a, 2010; Skogen et al., 2010) , so initial seed size should be included in models used to test between cytotype differences, but this has rarely been done (Eli a sov a and Münzbergov a, 2014 Münzbergov a, , 2017 .
In a previous study on Vicia cracca, it was demonstrated that natural tetraploids differ significantly from diploids in a wide range of plant performance measures (Eli a sov a and Münzbergov a, 2014 Münzbergov a, , 2017 . The tetraploids did not originate recently in situ. Instead, the two cytotypes met in a secondary contact zone (Eli a sov a et al., 2014), so is not clear whether the observed differences are due to polyploidization or to subsequent independent evolution of the two cytotypes. In a previous study, the methodology of the development of synthetic polyploids was optimized by using colchicine (Pavl ıkov a et al., 2017) , and a large number of synthetic polyploid seeds originating from plants from four mixed ploidy populations were produced.
In this current study, answers were sought to the following questions. (1) What are the differences in seed size, performance and flowering phenology between natural and synthetic tetraploids and natural diploids? (2) Do the differences vary between source populations? (3) Can the differences between diploids and tetraploids be explained by initial variations in seed size? As a high frequency of diploid seeds was detected in the synthetic tetraploid mother plants, it was also possible to test the effect of colchicine application in the second generation without the effects of polyploidization; thus, a further question was asked: (4) what are the effects of colchicine application on mother plants in regard to offspring performance?
MATERIALS AND METHODS

Study species
Vicia cracca, Fabaceae, was used as the model taxon. It is a selfcompatible herb with a mixed mating system but with prevailing outcrossing and reduced fitness after selfing (Eli a sov a et al., 2014). Occurrence of apomixes is unlikely (Asker and Jerling, 1992) . The species is autopolyploid (Eli a sov a et al., 2014) with diploid (2n ¼ 2x ¼ 14) and tetraploid (2n ¼ 4x ¼ 28) cytotypes forming a contact zone with mixed-ploidy populations in Central Europe (Tr avn ı cek et al. 2010). In a previous study, Eli a sov a and Münzbergov a (2014 Münzbergov a ( , 2017 found that the performance of young and adult plants between the cytotypes was greatly different, indicating that polyploidization theoretically plays an important role in the performance of this species. On average, a single diploid individual produces 200-300 seeds, and a single tetraploid individual produces 150-450 seeds, depending on the watering regime (Eli a sov a and Münzbergov a, 2017). The seed material used for this study was collected from four different mixed-ploidy populations occurring at the contact zone between the diploids and tetraploids along the border between the Czech Republic and Slovakia. These populations correspond to populations 6, 7, 19 and 20 in Eli a sov a et al. (2014) . A previous study on the genetic diversity of these populations did not suggest any clear genetic differences between these populations (Eli a sov a et al., 2014).
Creation of synthetic polyploids
The procedure to develop synthetic polyploids in V. cracca using colchicine was optimized in a previous study (Pavl ıkov a et al., 2017) . To do this, seeds from diploid mothers of four mixed-ploidy populations that occurred at the contact zone between the two cytotypes in the Czech Republic were used. Plants that survived the polyploidization and became polyploid (confirmed by flow cytometry) were considered C1 synthetic polyploids. The plants were individually planted to pots (10 Â 10 Â 10 cm, 1:1 mixture of sand and soil) and kept in the experimental garden of the Institute of Botany, Czech Academy of Sciences in Průhonice. At the stage of flowering buds, the ploidy level of each flowering branch of the plant was individually measured using flow cytometry (using one leaf from the upper part of the flowering branch). Only the plants that were confirmed to be tetraploid were selected. In the case of a diploid flowering branch on a tetraploid plant, the diploid branch was removed at the base to ensure that all the flowering branches on the plant were tetraploid. Identifying the branch as chimeric may not be possible using a single leaf per branch (see the Discussion).
The tetraploid plants were then moved to an isolated location in the experimental garden to ensure that no V. cracca were flowering within a radius of at least 300 m; plants originating from different populations were maintained at least 50 m apart. This distance was assumed to be sufficient for preventing pollen flow between populations, as most pollen in Fabaceae can be dispersed up to 10 m away (Matter et al., 2013) . In the same way, natural diploid and natural tetraploid plants were cultivated in the same experimental garden. The plants were left to cross-fertilize naturally over the course of flowering (approx. 12 weeks). Hand pollination of the plants was not conducted due to the complicated structure of the zygomorphic flowers of the species that contributes to a very low success of hand pollination. During the whole season, the ploidy levels of new flowering branches appearing on the C1 synthetic polyploid plants were assessed, and all diploid branches were removed. All ripe seeds, which represented C2 synthetic polyploids and C2 generations of the natural diploids and polyploids, were collected from each mother plant at the end of the field season. For the subsequent experiment, seeds from 3-5 mother plants per population for synthetic polyploids, 8-10 mother plants per population for natural diploids and 7-9 mother plants per population for natural tetraploids were available.
Growth experiment
To set up the growth experiment, 50 C2 seeds originating from natural diploids and natural polyploids and 100 C2 seeds from synthetic polyploids from each of the four original populations were used. All the seeds were individually weighed and then scarified. As the germination rate was of interest here and in order to reduce the possibility of different scarification intensity, the whole seed coat was removed from the seeds, resulting in an equal starting point for all seeds. Each seed was individually planted in one cell of a multipot (cells 2 Â 2 Â 5 cm, 1:1 mixture of sand and soil) at the end of March 2015. The multipots were placed in a growth chamber and regularly watered. The regime of the growth chamber was 12 h of light and 12 h of dark at temperatures of 20 and 10 C, respectively. The multipots were inspected every other day for germination, and the germination date was recorded for each seed. A seed was considered germinated if the above-ground part of the plant was easily detectable at 1 cm in height. To describe plant growth, plant height was measured at the age of 1 and 2 weeks (plants had little leaf growth at this stage).
After a month, the plants were individually transplanted into pots (10 Â 10 Â 10 cm, 1:1 mixture of sand and soil) and cultivated in an unheated greenhouse. The total number of leaves and number of branches in plants were counted at 4 and 8 weeks old. At this stage, the plants were branching, so plant height was not a good measure of plant size. Ploidy level for all plants was assessed at the age of 8 weeks using flow cytometry.
At the age of 8 weeks, the plants were individually transplanted to large circular pots (19 cm in diameter, 19 cm deep, 1:1 mixture of sand and soil) and placed in the experimental garden. The plants were allowed to grow in the garden without interference for the whole growing season of 2015. When the plants began to flower, flowering was recorded on a weekly basis by counting the number of flowering inflorescences and it was visually estimated whether the flowers were one-third, two-thirds or fully bloomed. These data were used to calculate the start, end, duration and mean flowering for each plant. All the pods with ripe seeds were continuously collected, and the number of developed seeds in these pods were counted. Pod and seed production were used as the only two size measures of the plants after the age of 8 weeks because >80 % of plants had flowered by this time and information on reproductive output is a more appropriate measure of plant fitness than plant biomass. Due to a high correlation among the different plant characteristics, only the following variables on the mature plants were used in the subsequent tests: flowering (yes/no), fruiting of flowering plants (yes/no), proportion of developed seeds, number of seeds per pod, number of pods per plant, mean flowering time and flowering duration.
To estimate the width and length of the stomata, one composite leaf from each plant was selected, and the first and third leaflet were then collected from the composite leaf. The leaves were placed into Petri dishes filled with a mixture of 96 % ethanol and acetic acid in a 3:1 ratio. After 3 h, the leaves were moved to a solution of lactoglycerol (lactic acid, glycerol and water in a 1:1:1 ratio) for 2 h. The resulting samples were placed on a filter paper and then stored in an Eppendorf tube in lactoglycerol until they were measured for length and width of stomata. An Olympus BX60 microscope with a magnification of Â 200 was used to observe the leaves. For each leaflet, the length of ten stomata in the centre of the abaxial side of the leaf was measured using QuickPHOTO Micro 3.0, so 20 stomata were measured per plant. For data analysis, the mean length and width of stomata were calculated for each plant. As the two size measures were largely correlated (R 2 ¼ 0Á75), only data for the length of stomata are presented in the subsequent text. At the time of flowering, the specific leaf area (SLA) of one fully developed composite leaf was estimated for each plant. Size of the stomata and SLA were estimated using seven plants per population and plant type.
Ploidy level estimations using flow cytometry
For the flow cytometric analyses, the protocol described in Castro et al. (2012) was used. Pisum sativum 'Ctirad' was used as the internal standard for all measurements.
Data analysis
After having detected abundant diploid offspring on the synthetic tetraploid mothers (further referred to as synthetic diploids; see the Results), all subsequent analyses focused on distinguishing plants by their ploidy level (diploid and tetraploid), origin (natural and synthetic, i.e. offspring of the synthetic tetraploid mothers), locality and their interactions. All analyses only addressed germinated seeds, i.e. seeds with available ploidy level information.
First, the effect of ploidy level (diploid and tetraploid), plant origin (natural and synthetic), locality and their interactions on seed weight were tested using analysis of variance (ANOVA). Then, the effect of ploidy level, origin, locality, their interactions and seed weight on plant size were tested using ANOVA. Specifically, data were available on plant height at the age of 1 and 2 weeks and number of leaves and branches at the age of 4 and 8 weeks. The results of plant height at 1 and 2 weeks were similar, so only data at the age of 2 weeks are shown. Similarly, the number of leaves at 4 and 8 weeks also provided very similar results, so only data measured at 8 weeks are shown. The data on number of branches are not presented due to low variation in the data.
In addition, the effect of ploidy level, plant origin, locality and their interactions on flowering [yes/no, generalized linear model (GLM) with a binomial distribution], fruiting of flowering plants (yes/no, GLM with a binomial distribution), proportion of developed seeds (number of developed and undeveloped seeds linked using the cbind function, GLM with a binomial distribution), number of seeds per pod (GLM with a Poisson distribution), number of pods per plant (GLM with a Poisson distribution), mean flowering time (ANOVA) and flowering duration (ANOVA) were tested. Seed size was not used in these tests, as the plants were large and thus expected to be independent of seed size. This was also confirmed by results from preliminary analyses on the effect of seed size on these variables. Finally, the effect of ploidy level, plant origin, locality and their interactions on stomata length and SLA were tested with ANOVA. In each case, the model providing the best fit to the tested data was used. All statistical analyses were conducted using R software (R Development Core Team, 2011) .
To compare all data across the ploidy levels, plant origins and localities, a redundancy analysis (RDA) using Canoco 5 was performed (ter Braak and Smilauer, 1998) . RDA is a direct gradient analysis that tests for joint structure by using multivariate data (Lep s and Smilauer, 2003) . This analysis was used to test if the overall phenotype differences are associated with ploidy (2Â vs. 4Â), mode of origin (natural vs. synthetic) and locality. All plant performance measurements represented dependent variables, and the dependent variables were standardized before analysis. Only individuals that had flowered and whose data had been collected on their SLA and size of stomata entered this analysis. These data were selected because missing values cannot be handled easily in an RDA. In total, 108 individuals were included in this analysis.
RESULTS
Ploidy levels and seed weight
Flow cytometric analysis of the seedlings germinated from seeds produced by the synthetic tetraploid mothers indicated that the seedlings may be not only tetraploid but also diploid, triploid or aneuploid (Table 1 ). The relative genome size was 0Á716 6 0Á011 (mean 6 s.e.) for diploids and 1Á408 6 0Á023 for tetraploids, with the values being the same for the natural and synthetic plants. For triploids, the values of relative genome size were 1Á069 6 0Á019. The aneuploids were plants that did not fit any of these types. The highest proportion of tetraploids was found in population 3, and the lowest was found in population 4 (Table 1) . There were at least seven synthetic tetraploid individuals of the C2 generation available for the experiments in each population. In addition, there were at least nine diploid individuals originating from synthetic tetraploid mothers from each population (Table 1 ; further referred to as synthetic diploids). The triploid and aneuploid plants, which were very rare (Table 1) , were discarded from further analyses, and the diploid and tetraploid offspring of the synthetic tetraploids were further distinguished.
Seed weight of the germinated plants was significantly affected by locality, plant origin (natural vs. synthetic) and ploidy level (diploid vs. tetraploid). There was also a significant interaction between locality and plant origin, and locality and ploidy level (Table 2) . Specifically, seeds of diploids were significantly lighter than seeds of tetraploids, and synthetic plants had heavier seeds than natural plants. The effect of ploidy level, however, was much stronger than the effect of plant origin (Fig. 1A) .
Early plant performance
Plant height at the age of 2 weeks was significantly affected by seed weight, plant origin and the interaction of plant origin and locality. In addition, there was a significant interaction between ploidy level and plant origin, and a triple interaction between ploidy level, plant origin and locality (Table 2;  Supplementary Data Table S1 ). Overall, the synthetic tetraploids were the tallest, followed by synthetic diploids, natural diploids and natural tetraploids. The ranking, however, partly varied between populations (Table S1 ).
The number of leaves at 8 weeks was independent of seed size (Table 2 ) but was significantly affected by locality, plant origin and ploidy level. No interactions were significant (Table  2) . Synthetic diploids had the highest number of leaves, followed by natural diploids, synthetic tetraploids and natural tetraploids (Fig. 1B) .
Flowering and plant fitness
Significant interactions between population, ploidy and origin make it difficult to describe general patterns for all variables except flowering duration (Table 1; Table S1 ). Still, several patterns can be seen from the figures, although their interpretation should account for the interactions. Diploids flowered more often, earlier and longer, and were more likely to produce pods when flowering. They also produced more pods in total and more developed seeds per pod than tetraploids. In contrast, tetraploids had a higher proportion of developed seeds than diploids (Table 3; Table S1 ). Synthetic plants produced pods more often when they flowered, produced more pods and seeds per pod and had a higher proportion of developed seeds Fig. 1D ). For many dependent variables, ploidy level interacted with plant origin. This was the case for number of pods, developed seeds per pod and proportion of developed seeds (Table 3;  Table S1 ). For all variables, the difference between natural and synthetic plants was higher in diploids than in tetraploids (Fig.  1D) . Locality also interacted with ploidy level. It was significant for pod production in flowering plants, number of pods, proportion of developed seeds, seeds per pod and mean flowering time (Table 3 ). The effect of ploidy level on all the variables had the same direction for all localities, but localities differed in regards to the intensity of the differences between the cytotypes ( Fig. 1C, D ; Table S1 ).
Locality also interacted with plant origin. It was significant for number of pods, proportion of developed seeds, seeds per pod and mean flowering time (Table 3 ). The effect of origin on all variables, however, had the same direction for all localities, but localities differed in the intensity of the difference between the cytotypes (Fig. 1C) . The only exception was for mean flowering time, which was higher in synthetic plants than in natural plants in some localities and vice versa for other localities (Fig. 1D) . For several variables, there was also a triple interaction between ploidy level, plant origin and locality. This was the case for flowering, number of pods, proportion of developed seeds, seeds per pod and mean flowering time (Table 3; Table S1 ).
Size of stomata and specific leaf area As expected, the length of stomata was significantly affected by ploidy level, with larger stomata in tetraploids, and was independent of locality and plant origin (Fig. 2, Table 2 ). Unexpectedly, there was also a significant interaction between locality and plant origin. This interaction was caused by the synthetic plants having shorter stomata than the natural plants in two populations, while the other two populations showed an opposite pattern. However, the difference between synthetic and natural plants was not significant for any of the populations. Specific leaf area was independent of ploidy level. The only significant effect was that of plant origin, with synthetic plants having a larger SLA than natural plants (Table 2 , Tables S1).
Summary of plant performance
The redundancy analysis, which combined data for all the performance measures, demonstrated that ploidy level was the factor that explained most of the variation in the system (Table  4) . Tetraploids were primarily characterized by longer stomata and heavier seeds (Fig. 2) . In contrast, diploids were characterized mainly by higher number of seeds per pod and higher number of pods (Fig. 2) . Plant performance was also affected by plant origin (Table 4) , with the offspring of synthetic tetraploid mothers having more seeds per pod, a higher proportion of developed seeds and a higher SLA (Fig. 2) . In contrast, natural plants had lower values for most of the performance measures. Locality alone did not have a significant effect on plant performance ( Fig. 2; Table 4 ). However, locality significantly interacted with ploidy level and plant origin. Ploidy level interacted significantly with plant origin. The triple interaction between ploidy level, plant origin and locality was not significant (Table 4) .
DISCUSSION
The synthetic tetraploids used as mother plants for this experiment produced a high proportion of diploid seeds, and this proportion was largely population specific. In addition, triploid and aneuploid individuals were found among the offspring of these plants. Husband et al. (2008) also detected the production of diploid and triploid offspring by their synthetic polyploids. However, they only excluded these from the experiments and did not report the frequencies. Other studies (e.g. Oswald and Nuismer, 2011 ) also screened their offspring for ploidy levels but did not report the results.
The occurrence of diploid seeds on the tetraploid C1 plants may be due to the flowering branches being detected as tetraploid (using a single leaf) on the C1 plants and used to produce the seeds, although they could be chimeric instead. In this study the seeds were collected separately from each maternal plant but no distinction was made between flowering branches and pods. Therefore, it is unknown if the diploid seeds were produced on a specific part of the plants (possibly from diploid tissue within an otherwise tetraploid branch, supporting the occurrence of chimeric tissue) or scattered throughout the whole individual. If they appeared within otherwise tetraploid pods or the diploid pods were intermixed among the tetraploid pods, this could indicate origin via haploid parthenogenesis (i.e. development of the diploid product of meiosis into seed without fertilization; Asker and Jerling, 1992) . Alternatively, occurrence of different cytotypes could be explained by frequent chromosome pairing failures in the synthetic polyploids (Hassan and Jones, 1994; Srivastava and Srivastava, 2002 ).
Occurrence of haploid parthenogenesis was shown in a range of different taxa (e.g. Skalinska, 1971; Krahulcov a and Krahulec, 2000; Krahulcov a et al., 2004; Froelicher et al., 2007) . Haploid parthenogenesis was suggested to be induced in sexual taxa by temperature shocks, particular kinds of pollination and also (Yudin, 1970; Asker, 1980; Singsit and Hanneman, 1991; Asker and Jerling, 1992) .
The effects of chromosome pairing failure may lead to multivalent formation during meiosis, supporting the production of haploid or aneuploid gametes. Multivalent formation is expected in polyploid taxa (Stebbins, 1940) , but a range of polyploids developed different mechanisms to avoid this (e.g. Sanchez-Moran et al., 2001) . The frequency of multivalent formation is much higher in synthetic than in natural tetraploids (e.g. McCollum, 1958; Ellis, 2013; Wu et al., 2014) , although multivalents are also more frequent in odd polyploids (e.g. triploids; Loidl, 1995; Ellis, 2013) . Even in the case of frequent multivalent formation, the multivalents may be resolved into bivalent associations at metaphase I in some taxa (Jones et al., 1996) . Finally, the occurrence of aneuploid, and possibly triploid and diploid, offspring from the C1 synthetic polyploid mothers could be a result of chromosome elimination prior to meiosis or during mitosis (e.g. Bennett et al., 1976; Laurie and Bennett, 1989) . Further studies on the meiotic behaviour of our model are necessary to understand the possibilities regarding the mode of diploid seed formation.
Seed weight (e.g. Maceira et al., 1993; Hoya et al., 2007; Cohen et al., 2013; Hosseini et al., 2013 ; Eli a sov a and Münzbergov a, 2014) and size of stomata (e.g. Warner and Edwards, 1993; Maherali et al., 2009; Balao et al., 2011; Pavl ıkov a et al., 2017) followed the general expectation, as they were larger in tetraploids than in diploids. The patterns held for both natural and synthetic plants. This is in line with the expectation that the sizes of seed and stomata are a function of cell size, which is larger in polyploids (Van Dijk and Van Delden, 1990; Comai, 2005; Otto, 2007) . The significant effect of plant origin (natural vs. synthetic) on seed size also suggests that colchicine application has some, although weak, effect on seed size. In line with Eli a sov a and Münzbergov a (2014), who worked on the same model species, the differences in seed size according to the cytotypes and population origin were partly population specific. This supports the need to consider plant material from multiple populations to obtain a general idea of the effects of polyploidization.
Growth of the plants in the first 2 weeks, but not later, was strongly affected by seed size. This is because seeds of V. cracca are relatively large and fully support plant growth over the first weeks before the plant develops leaves and a proper root system, and starts to acquire its own resources. A previous study (Eli a sov a and Münzbergov a, 2014) looking at the growth of natural diploids and tetraploids in V. cracca indicated that seed weight has a significant effect on seedling size over the entire first growing season in tetraploids but not in diploids. Inclusion of seed weight in the model did not affect the significance of ploidy level for either the 2-week-old plants or the 8-week-old plants. This suggests that in spite of large differences in seed weight between cytotypes, seed weight (Table 4) .
differences are not the only factor affecting differential performance of the cytotype (Eli a sov a and Münzbergov a, 2014). Therefore, other mechanisms, e.g. related to differences in cell size and thus growth rate of the tissue, should be considered to explain the cytotype differences (Comai, 2005) . Synthetic plants were often larger than the natural plants, produced more seeds per pod, produced more pods, had a larger proportion of developed seeds and had a larger SLA. However, there were exceptions to this pattern as plant origin often interacted with ploidy level and population. Overall, this still indicates that the offspring of synthetic polyploids gain some advantage from the application of colchicine in the maternal generation that is independent of their ploidy level and unrelated to seed size. This suggests that the application of anti-mitotic substances to the plants has many potential direct consequences for plant phenotype for both the maternal (C1; e.g. Francis et al., 1990; Hassan and Wazuddin, 2000; Jaskani et al., 2005; Contreras et al., 2007; Cohen et al., 2013) and the offspring (C2) generation. A possible explanation of the colchicine effects on the plants is linked to strong direct effects of colchicine on the production of various plant hormones and thus on cell functioning (e.g. Wang et al., 2001; Dudits et al., 2016) , leading to strong differences in plant physiology and morphology (e.g. Francis et al., 1990; Wazuddin, 2000, Jaskani et al., 2005; Cohen et al., 2013) .
Other studies using synthetic polyploids only compare synthetic polyploids with natural diploids and polyploids. These studies often show that the synthetic polyploids, but not the natural polyploids, differ from the diploids (e.g. Maherali et al., 2009; Oswald and Nuismer, 2011; Pavl ıkov a et al., 2017) . The common interpretation of this result is that polyploidization directly affects the trait, and subsequent evolution brings the trait to its original value. The present study contradicts this interpretation by demonstrating that these effects may only be a carryover of the substance used to create the synthetic polyploids in the second generation. Future studies exploring the consequences of polyploidization should attempt to use both the second-and third-generation polyploids to ensure that they do not merely study these adverse effects.
The strong positive effect of colchicine application on plant performance could also be due to the colchicine application exerting strong selection pressure on the plants. A previous study to optimize the protocol of creating the synthetic polyploids (Pavl ıkov a et al., 2017) showed up to 98 % mortality of the plants after colchicine application. Thus, it is possible that the process of creating synthetic polyploids selects the fittest genotypes. In such a case, increased performance of the offspring of the synthetic polyploid mother is due to this selection. In contrast to any direct effect of colchicine, such an effect will persist over many generations, and using the third or any subsequent generation will not solve the issue. This may further reduce the usefulness of employing synthetic polyploids in ecological studies, so it must be considered when interpreting the results. However, data to test this are not available at present. Future studies may attempt to test this by recording information on seed size and/or seedling size for the plants due to undergo the colchicine treatments in order to determine if only the largest survive. This would confirm the hypothesis under the assumption that seed or seedling size is a good proxy of plant vigour in the later stages of its development.
In addition, it is possible that colchicine application affects the epigenome of the plants. Such an effect has already been shown in several previous studies (e.g. Hegarty et al., 2013; Zhang et al., 2014; Gao et al., 2016) . As these changes are likely to persist over multiple generations, this may represent another mechanism that leads to strong differences between the offspring of synthetic and natural mothers, further complicating efforts to assess the consequences of polyploidization.
Interestingly, plant origin (natural vs. synthetic) also interacted with locality for plant size at 2 weeks, the measures of seed production and for size of stomata, indicating that the effects of colchicine application are partly population specific. This suggests that the colchicine effects in the C2 generation are context dependent and are probably due to varying genetic composition of the different populations. These results are similar to results of previous studies suggesting that different lineages of synthetic polyploids follow different trajectories (Matsushita et al., 2012; Dar et al., 2013) . These differences were caused by differential gains and losses of chromosomes across the different generations (Matsushita et al., 2012) or changes in DNA methylation profiles (Dar et al., 2013) . Independent of origin, ploidy level had a significant effect on plant size in 8-week-old plants and all measures of flowering and seed production. In all cases, the values of the performance measures were higher in diploids than in tetraploids. This contrasts with a range of previous studies suggesting that polyploids are larger than diploids (e.g. Lumaret, 1988; Husband and Schemske, 2000; Ramsey and Schemske, 2002; Münzbergov a, 2006; Mand akov a and Münzbergov a, 2008) . In line with some other studies (e.g. Comai, 2005; Riddle et al., 2006 , Münzbergov a, 2007 Riddle and Birchler, 2008; Cohen et al., 2013) , these results suggest that larger size in polyploids is far from general.
A possible explanation for the smaller size in polyploids could be the slower growth of polyploids than diploids (e.g. Otto and Whitton, 2000; Oswald and Nuismer, 2011) , due to difficulties in the cell cycle and slower cell division (Comai, 2005) . Although the study lasted for a full year and was longer than most similar studies, there is still the possibility that the polyploids will not be larger and have higher fitness in the subsequent years of life of this long-lived perennial.
CONCLUSIONS
The comparison of seed weight and size of stomata between natural and synthetic diploids and polyploids suggests that these variables are strongly affected by polyploidization and change very little during subsequent evolution. This is in line with a common expectation of studies that have compared diploids and polyploids. Most other performance measures were higher for diploids than for tetraploids, but were also higher for the offspring of synthetic tetraploids than for the offspring of natural plants. This suggests that plant performance is affected by colchicine application, even in the second generation. Therefore, the adverse effects of colchicine and possibly of other substances used to create synthetic polyploids in the second generation of plants must be considered in studies using synthetic polyploids. It is also possible that the strong differences between the natural and synthetic plants are caused by the fact that the colchicine treatment represents a strong selection pressure that only the fittest plants survive. The inclusion of diploid offspring of synthetic tetraploid mothers may be a useful way to detect which trait differences are due to polyploidization and which are primarily due to colchicine application, as was done in the present study. The high variation in responses between the populations suggests that future studies should also work with multiple populations to account for the possible variation between populations in the results.
SUPPLEMENTARY DATA
Supplementary data are available online at https://academic. oup.com/aob and consist of Table S1 : mean and s.e. for the different traits studied.
